ABSTRACT Effective pulmonary blood flow was measured with a soluble inert gas uptake method (10% argon, 3 5% freon-22, 35°% oxygen, balance nitrogen) in 98 apparently healthy childred aged 5-14 years. None had any evidence of cardiorespiratory disease and all had normal values for absolute and dynamic lung volumes and transfer factor for carbon monoxide. Values of blood flow measured by a rebreathing method correlated reasonably closely with height, weight, body surface area, and lung volumes, and to a lesser extent with hand and foot size. The mean (SD) effective pulmonary blood flow index was 2 7 (0 3l)I1 min-'n2. Small children found a single breath method of measuring flow more difficult to perform and the results were more variable.
Introduction
Respiratory methods for the determination of pulmonary blood flow estimate that part of the flow through lung capillaries which is effective in gas exchange. The principle of using soluble gas uptake to calculate this fraction was invented by Humphrey Sackner.4 Soluble inert gas is removed from alveolar air at an exponential rate that is proportional to blood flow and the solubility of the gas in blood. Initially this process is complicated by gas mixing. Later it is disturbed by the recirculation of contaminated blood. When the logarithmic concentration of test gas in alveolar air is plotted against time the artefact free period between mixing and recirculation is recognised as a log-linear fall, from which the flow of blood effecting gas removal can be calculated. It is called effective pulmonary blood flow. The particular effective pulmonary blood flow variants of the principle used here are the rebreathing method and the single breath uptake of an argon-freon-22 mixture The final study design was influenced by the findings in several preliminary experiments. Some of these were done with adult subjects, who could more reasonably be asked to do repeated tests than children.The main findings in the preliminary studies were: 1 Studies in adults showed that if the measurement of pulmonary blood flow was repeated at 3 5 minute intervals estimates of blood flow were stable after the first two measurements. 2 So that we could examine the effects of varying inspired volume, four adults repeated the rebreathing and single breath procedures using an inspired volume corresponding to 75% and 100% of vital capacity. This made no significant difference to the calculated blood flow, the mean difference being only 011 min-' for rebreathing and 0 2 1 min-' for the single breath test.
3 The effect of varying the rate of expiration from 0 05 to 0-and 0-15 1 s' was investigated in six adults. A difference in the calculated flow was found in all subjects, with a mean value of 5-4 1 min-' at the slower rate, 6-3 1 min-' at the medium rate, and 6-7 1 min-' at the fastest rate ofexhalation. As children were not able to control their rate of expiration very precisely, we accepted that this might be a cause of variability in their single breath results. 4 To examine the effects of recirculation during rebreathing, we analysed 59 traces in 22 children from the start ofthe linear record to the 15th, 20th, and 25th second of the manoeuvre. There were no significant differences between the calculated results to the 15th and 20th second but there was a fall of 4 5% by the 25th second. The time limit to trace analysis was therefore set at 20 seconds. 5 The day to day variability in the estimates of pulmonary blood flow was studied in seven children who repeated the tests at the same time on three consecutive days. For the rebreathing test the coefficient of variation within each set of measurements was 6-7% and the day to day coefficient of variation of the mean value was 4-8%. For the single breath test the coefficient of variation within each set was 8-8% and the coefficient of variation between days 6-0%.
As a result of the pilot studies 98 children in the formal study were asked to perform at least five timed rebreathing and single breath tests. The third, fourth, and fifth traces were used to calculate effective pulmonary blood flow. Where one of these was clearly unsatisfactory, a sixth and occasionally a seventh test was carried out. The inspired volume chosen for the rebreathing test was between 75% and 100% of vital capacity. mouthpiece and nose clip presented no problem, even to the smallest, providing that they were allowed to put them on themselves. Three children were not able or willing to complete the lung volume measurements in the body plethysmograph and have been excluded from the whole study. Four of the smallest children were unable to do the breath holding or steady exhalation required for the single breath tests but are included in the rebreathing analyses. Small children were sometimes unable to signal that they had reached residual volume during exhalation, and the observer then had to judge when this had occurred. In four children the traces for the single breath test were considered to be unsuitable for analysis, usually because expiration was too fast or the argon trace indicated poor and variable gas mixing. Estimates of effective pulmonary blood flow were therefore available for the rebreathing technique for 89 children and for the single breath tests for 81.
Values for FEV, FVC, TLC, and TLCO were close to those predicted by Polgar and Promodhat'8 (table   1) . The RV values are higher than predicted, but this was also true of a much larger group of children studied by the same methods in our laboratory. The data reviewed by Polgar and Promodhat were based on gas dilution estimates rather than plethysmography, and would be expected to be slightly smaller. flow to body surface area (r = 0 8) and to TLC (r = 0-71) is shown in figures 1 and 2. The mean (SD) effective pulmonary blood flow index obtained from the rebreathing method was 2-74 (0-3 1)1 min-'m-2, and was independent of height and age. The relations of the anthropometric variables and TLC, FEV, and FVC with pulmonary blood flow determined by the rebreathing method were also analysed by multiple stepwise regression. The closest correlation was provided by surface area, and no further variable improved the correlation. As surface area is calculated from two measurements, height and weight, it may be subject to greater error; so the analysis was repeated excluding it. Weight then provided the closest correlation (r = 075) and the final model was improved by the addition of FEV, (r = 0 77).
The relation between the single breath estimates of blood flow and body surface area was poor (r = 0 4) and similar to that for height and weight (r = 0-42 and 0-36 respectively). The mean (SD) effective pulmonary blood flow index derived from single breath estimates was higher and more variable (3.94 (074) 1 min-' m-2) but fell substantially with age, suggesting that the high values in young subjects were unreliable. The coefficients of variation for effective pulmonary blood flow index for sets of three acceptable measurements on each child were 6-3% for rebreathing manoeuvres and 8,0% for single breath procedures.
The expiratory rate calculated from the volume trace in the single breath tests varied between 0-07 and 0-31 1 s-'. Multiple regression analysis of effective pulmonary blood flow against height and expiratory rate gave the regression equation O)Peff = -032 + 0.03* Ht (cm) + 3.0* exp flow (I s-').
Variation in expiratory rate accounted for half of the variability in results.
Discussion
The purpose of this study was to determine normal values for effective pulmonary blood flow in children at rest, and relate them to body size. For the rebreathing method normal values may be predicted with reasonable confidence from height, weight, or calculated surface area. The mean value of 2 741 min-' m-2 is similar to other estimates using soluble gas methods, which range from 2-2' to 3.31.2 Our mean, however, is consistently lower than Direct Fick estimates of the cardiac index-for example, 3 5, 3-6, and 4 3 1 min-' m 2 cited by Barratt Boyes, '9 Brandfonbrenner et al,20 and Brotmacher and Felming8 respectively. In part this is due to body position, as moving from the supine to the sitting posture reduces cardiac output by 5-20%.2' Some 5% of blood flow apparently passes to unventilated alveoli and is 976 excluded from respiratory estimates of pulmonary perfusion.2 Thus the differences in rebreathing and Direct Fick estimates can be accounted for.
For practical reasons this study was performed in children from private schools. We accept that their stature may differ slightly from the norms in Britain, but the relations between the measured anthropometric variables, lung volumes, and effective pulmonary blood flow are likely to be representative of all children.
The soluble inert gas methods assume that the mixed venous content of indicator gas is zero, and pulmonary end capillary blood and alveolar gas are in equilibrium. Dissolved gas in recirculating blood will disturb the log-linear relation ofgas uptake in the lung with time. With our methods this was detected only after 20 seconds as the absorbed gas is taken up by peripheral tissues before it reappears in the lung.23
During successive manoeuvres at 3-5 minute intervals the end tidal concentration of freon-22 measured at the start of each manoeuvre rose slightly but did not exceed 1-3% of the inspired concentration. A quasisteady state was usually established by the end of the third manoeuvre.
In some patients with cardiorespiratory disease early recirculation may occur through abnormal channels. One attraction of the single breath test is that it begins to provide useful information within four seconds of the onset of the manoeuvre. Unfortunately the results are substantially affected by the rate of expiration and it is difficult to fix this for some of the younger children.
Rebreathing creates a more homogeneous gas composition in the lung and minimises the effects of ventilation-perfusion inequality. In children with severe respiratory disease, with substantial areas of underventilation or ventilation-perfusion mismatch, the effective pulmonary blood flow is much lower than the total blood flow.24 Nevertheless, serial measurements may be valuable in showing a change in the potential for gas exchange. Hypoxia is avoided by using an oxygen rich initial gas mixture. Fairly deep breaths are used to achieve good gas mixing, although this is bound to cause some increase in pulmonary blood flow.
The effective pulmonary blood flow measured by these soluble gas methods is a reflection of the blood flow that is useful for respiratory gas exchange. The values obtained by the rebreathing method are reproducible in children and the ranges predicted from this study are closely related to body size. We hope that this information will be ofuse in assessing patients with cardiopulmonary disorders when heart catheterisation is inappropriate. The method is particularly suited to serial measurements of pulmonary blood flow-for example, in assessing the value of vasoBowyer, Warner, Denison dilator treatment or the progression of kyphoscoliosis. Although the correlations with hand and foot sizes are not as close as those for weight and height, they may be useful in children with severe disorders ofgrowth, such as osteogenesis imperfecta, and in children with spina bifida whose height cannot be measured.
